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Developmental Toxicity 



REGULATION OF GROWTH AND DIFFERENTIATION IN 
EARLY DEVELOPMENT: OF MICE AND MODELS 

Christine L. Mummery, Harmen G. Slager, Wouter van Inzen, 
Eric Freund, and Adriana J.M. van den Eunden-van Raau 

Hubrecht Laboratory, Netherlands Institute for Developmental Biology, Utrecht, The Netherlands 

Abstract — In this article we describe some of the fundamental processes occurring during early murine 
development, introduce cellular models used to investigate these processes and review some well-known factors 
that may be involved in their control. These include transforming growth factor 0, retinoic acid and leukaemia 
inhibitory factor. Refinements to the culture conditions of embryonic stem and embryonal carcinoma cells 
have enabled us to test the effects of these factors on growth and differentiation and in particular to establish 
that their interaction may determine the ultimate developmental state of the cell population. Preliminary studies 
using neutralizing antibodies in embryos are described that suggest that deregulation of normal expression can 
lead to a failure to implant* Insights into the events underlying normal embryonic development and implantation, 
yielded by the type of study described here, may contribute to an understanding of the mechanisms causing 
early embryonic loss and the role of toxicants in this process. 

Key Words: mouse embryo; embryonal carcinoma cells; embryonic stem cells; differentiation; TGF/J; retinoic acid; 
leukaemia inhibitory factor. 



INTRODUCTION 

From one-to-five thousand cells 
Following fertilization of a mouse oocyte a series of 
discrete interrelated events occurs that eventually 
leads to the formation of the three primary germ 
layers, that are the origin of both the embryo proper, 
and most of the extraembryonic tissues. Initial 
events, such as cell cleavage where the cells divide 
and become progressively smaller, occur in the ovi- 
duct as the embryo encased in a protein "shell" 
known as the zona pellucida (z.p.) passes towards 
the uterus. Between the 4- and 16-cell stage, a pro- 
cess known as compaction begins, where the indi- 
vidual blastomeres flatten, increase their contact 
with one another and develop distinct apical and 
basal membranes (polarization). The first restriction 
in the developmental potency of cells then occurs, 
the outer cells forming the trophectoderm (TE) lin- 
eage and the inner cells, the inner cell mass (ICM). 
The trophectoderm has features of a true epithelium, 
forming tight junctions, an asymmetrical distribution 
of the Na + /K + pump and a complete seal against 
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the outside environment. A fluid filled cavity, the 
blastocoele begins to form and expand until the em- 
bryo consists of a hollow vesicle of trophectoderm 
cells and a small group of eccentrically located ICM 
cells. The mural trophectoderm cells, surrounding 
the blastocoele cavity, cease division and become 
large and polyploid while those remaining in contact 
with the ICM continue to divide rapidly. As the 
embryo hatches from the z.p. and prepares for im- 
plantation, a second round of differentiation occurs: 
the formation of primitive endoderm and ectoderm. 
This is characterized by the appearance of an epithe- 
lial layer — the primitive endoderm — on the surface 
of the ICM facing the blastocoelic cavity (Figure 
2). A thin basal lamina forms on the apical side 
of the trophectoderm over which some cells of the 
primitive endoderm migrate, differentiating to form 
the parietal endoderm of the yolk sac as they pro- 
ceed. These cells are characterized by enormous 
production and secretion of extracellular matrix 
(ECM) proteins that form the Reichert's membrane 
surrounding the embryo. Cells remaining in contact 
with the ICM differentiate to form the visceral endo- 
derm cells of the yolk sac. separated from the ICM 
by a basal lamina and distinctive on the basis of 
alpha-foetoprotein expression, microvilli on the cell 
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Fig. 1. Earliest differentiation events and the formation of three germ layers in the murine embryo. After Hogan et al 
(66). 



surface, and high levels of endocytotic activity; 
these characteristics are typical of cells with a nutri- 
tive function. Finally at about 6.5 days of gestation, 
cells delaminate by an unknown mechanism from 
the epithelial layer of the primitive ectoderm and 
accumulate as a layer of individual mesoderm cells 
between the primitive ectoderm and the visceral en- 
doderm. The primitive ectoderm lineage gives rise 
to the ectodermal, mesodermal and endodermal tis- 
sues of the fetus, to 'the germ cells and to the meso- 
dermal components of the extra embryonic mem- 
branes and placenta (1). 

In the first third of the gestation period up to 
early implantation therefore, the embryo develops 
from a single cell to a complex structure with three 
germ layers set aside. Despite this fairly thorough 
description of the morphologic changes that occur 
however, little is known about the orchestrated in- 
teractions between cellular groups. Exceptionally, 
it has been shown that the cell adhesion molecule 
uvomorulin is at least in part responsible for compac- 
tion since anti-uvomorulin antibodies inhibit this 
process (2) while hatching is brought about by a 
trypsin-like enzyme synthesized by cells in the mural 
trophoblast (3). 

Peptide growth factors, retinoids, and ECM 
proteins with their respective receptors are also 
prime candidates as mediators of cell-to-cell interac- 
tions in the early embryo on the basis of their differ- 
ential expression in time and space and their known 
effects on various cell model systems in vitro [re- 
viewed (4)]. Using an approach based on the study 
of embryonal carcinoma (EC) and embryonic stem 



(ES) cells, which resemble the pluripotent cells of 
the ICM and can form many of its direct descendants 
in vitro, we are rapidly gaining new insights into 
fundamental processes such as the initiation and di- 
rection of differentiation, the origin and function of 
the first basal laminae, and the regulation of cell 
proliferation. Interference with any of these pro- 
cesses may lead to the failure of an embryo to dc 
velop and implant; understanding the regulation of 
the processes themselves is essential to understand- 
ing how potentially embryotoxic substances might 
work and whether their effects could be predicted 
or even prevented. In what follows, we will consider 
the roles and interactions of three particular factors, 
namely transforming growth factor (TGF/3), reti- 
noic acid (RA) and leukaemia inhibiting factor (LIF). 

Transforming Growth Factor p 
in Early Development 

TGF0 was originally purified from human plate- 
lets as a 25 kDa homodimeric protein based on its 
ability to induce anchorage-independent growth of 
normal fibroblast indicator cells (5). It was later iden- 
tified in many non-neoplastic tissues, transformed 
cells and in media conditioned by many cell lines in 
a latent biologic form (6,7) and found to act as a 
mitogen, growth inhibitor, or regulator of differenti- 
ation upon activation depending on the nature of the 
target cell (8). It is now apparent that at least five 
genetically distinct forms exist (TGF/3,. 5 ), three of 
which have been cloned in mammals. They have 
extensive amino acid homology and to date few func- 
tional differences have been described between 



Early murine development • C. L. Mummery et al. 



147 



them. Exceptionally, TGF0 2 has been shown to in- 
duce dorsal mesodermal tissues in explants of Xeno- 
pus laevis embryos while TGF/^ is inactive (9). 
TGF/Jj is ten times more potent than TGF£ 2 in this 
assay (10). All three isoforms are differentially regu- 
lated in differentiating EC and ES cells (11,12). EC 
and ES cells only express TGF0, but after differenti- 
ation, TGFft is expressed as well as TGFft in some 
mesenchymal derivatives (1 1,12). TGFfr can inhibit 
the expression of protein markers of parietal endo- 
derm cells, including secretion of the ECM protein 
laminin, and may be an inhibitor of the process 
primitive-to-parietal endoderm (13). In the preim- 
plantation embryo TGF/3, and & mRNA and/or pro- 
tein have been described from the 4-cell stage up 
to blastocyst formation (14-16). TGFft protein is 
restricted to the trophectoderm at the blastocyst 
stage. In later development TGFj3 ( mRNA is ex- 
pressed in endothelial tissues (17) and TGF/3, and 
f$ 2 mRNA in uterine decidua at 6.5 days of gestation 
(18), which would be compatible with a role in meso- 
derm formation in the mouse as well as amphibian. 
This still requires formal proof. Neither TGF/3, 
mRNA or & was detected by in situ hybridization 
in the embryo itself at 6.5 days in this latter study 



although we have clearly detected protein then in 
visceral endoderm (Figure 2 in reference 16). It re- 
mains to be established whether this was taken up 
by receptor-mediated processes in these cells or 
whether the level of mRNA was below the detection 
limit of the technique. Differences between protein 
and mRNA localization for TGF/J have previously 
been observed in the spleen (19) and embryonic 
heart (20). 

In terms of effects of TGFp on developing mu- 
rine embryos, it has recently been shown that TGF/J| 
can enhance the rate of blastocyst formation of em- 
bryos cultured singly in drops of medium to a level 
equivalent to that of embryos grown in groups in 
close proximity. Specific membrane receptors for 
TGF/3 are then presumably present in preimplanta- 
tion embryos although this remains to be estab- 
lished. Two of the three receptors for TGFjS (the 
type II and III receptor) have recently been cloned 
(21,22). This provides an immediate strategy for 
characterizing receptor expression in the embryo. 
On the basis of binding studies in EC and ES cells 
(4) , receptor expression would not be expected in the 
ICM but would be in its endodermal and mesodermal 
derivatives. 





Fig. 2. Induction of differentiation in ES cell aggregates by retinoic acid. Cells were induced to form a single aggregate 
in hanging drops in the presence of the concentrations of retinoic acid indicated, as described in Methods. After 10 days, 
the aggregates were plated on tissue culture plastic and the phenotypes of the differentiated cells present scored on 
day 16. 
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Retinoic Acid in Development 

Retinoids are widely known for their terato- 
genic effects on almost all species. tested, including 
humans. Head and face malformations are induced 
in mice, head defects in rats, face and digital anoma- 
lies in rabbits Jaw and tongue defects in guinea pigs, 
eye abnormalities in swine, and multiple defects in 
dogs and in hamsters (reviewed in 23,24). The mech- 
anism by which these congenital malformations are 
induced is unknown but disruption of cell prolifera- 
tion in epithelial-mesodermal tissues appears to be 
the origin of at least the facial clefts in rats (25). It 
has recently become clear, however, that in addition 
to these pharmacologic effects, retinoids may have 
a physiological function in development. Indeed, re- 
tinoids appear to possess the properties of classical 
"morphogens," diffusible substances that deter- 
mine cell fate in a concentration dependent way. In 
the chick limb bud, transplantation of a piece of 
posterior wing bud mesenchyme to an anterior posi- 
tion in a host wing results in a mirror-image symmet- 
ric duplication of the host's wing pattern (26). The 
effects of this "zone of polarizing activity" (ZPA) 
can be mimicked by retinoic acid; implantation of 
an anion exchange bead soaked in RA at the anterior 
limb bud margin induces duplications similar to 
those induced by ZPA in a dose dependent way 
(27,28). It later turned out that both chick and mouse 
limb buds actually contain endogenous retinoids 
(29,30) and that RA is enriched 2.5 fold in the ZPA- 
containing region (29). Such a shallow gradient of 
total RA suggests that cells distinguish sharply be- 
tween relatively small differences in RA although 
there may be local mechanisms, such as the presence 
of cellular retinoic acid binding proteins (CRABP), 
which amplify the gradient. Maden (31) and Dolte 
(32) found that CRABP is in fact enriched in the 
anterior limb bud region, that is opposite to the ZPA; 
CRABP may thus regulate the relative amounts of 
bound versus free RA. In turn, free RA may be 
involved in regulating the expression pattern of vari- 
ous genes, including those for the nuclear receptors 
for RA (RARs) themselves. These are known to be 
spatially distributed in the early developing verte- 
brate limb [reviewed by Eichele (33)]. 

Four different RAR cDNAs have been identi- 
fied in mammals, three of which (RARa, /?, and y) 
are closely related and are known to exist in several 
isoforms [reviewed (34,35)]. It has been shown that 
RARa and y but not RARjS are expressed in undiffer- 
entiated EC and ES cells but that RAR£ is strikingly 
and rapidly induced within a few hours of RA addi- 
tion (36-38). This ultimately results in cell differenti- 



ation, the cell types formed depending on the local 
cell density at the time of RA addition. F9 EC and 
P19 EC cells for example will form endodermlike 
cells when 10* 6 MRA[± dbcAMP] is added to cul- 
tures in monolayer (12,39,40) but visceral endoderm- 
like cells and neural derivatives respectively when 
the same concentrations are added to cells aggre- 
gated in suspension. 

The RARs have a common general structure, 
with homologous regions, the DNA-binding (C-) do- 
main and the hormone-(ligand) binding (E-) domain 
present in all family members [reviewed (41)]. Fol- 
lowing binding of RA, the C-domain becomes capa- 
ble of binding to DNA on specific target genes, 
thereby regulating their expression. RAR/J gene ex- 
pression is regulated by three alternative promotors 
leading to at least three different isoforms of RAR/3 
(42). It is the RAR& promotor that is predominantly 
active in RA-treated EC and ES cells. 

It has recently been demonstrated that RA is 
also a putative morphogen in the amphibian Xeno- 
pus laevis (43). Treating early Xenopus embryos 
with RA causes microcephaly, the result of transfor- 
mation of anterior neural tissue in the developing 
central nervous system to a posterior neural specifi- 
cation. The microcephalic embryos lack most or all 
of the forebrain and midbrain as well as the sense 
organs (eyes and nasal pits) that are induced by or 
formed from the forebrain. The embryonic stages 
sensitive to RA were also shown to contain endoge- 
nous RA at concentrations similar to the highest 
reported in the chick limb bud. It was subsequently 
shown that early Xenopus embryos apparently con- 
tain an RA-sensitive anterior "domain** that tran- 
scends germ layers and includes both ectoderm and 
mesoderm (44). RA appears to have profound effects 
on anteroposterior axis specification and may thus 
play a major role in the formation of the primary 
body axis. 



LIF in Early Development 

Leukaemia Inhibitory Factor (LIF) is a secreted 
glycoprotein that is a member of the cytokine group 
of proteins that regulate the proliferation and differ- 
entiation of many eukaryotic cells. As other mem- 
bers of the group, LIF was initially thought to have 
only a limited set of target cells but it is becoming 
evident that a wide variety of tissues both in the 
embryo and in the adult organism respond to or 
secrete LIF. Originally identified in medium condi- 
tioned by Krebs II ascites cells, it was characterized, 
purified, and cloned on the basis of its ability to in- 
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duce macrophage differentiation in M, murine my- 
eloid leukaemia cells and suppress their proliferation 
in vitro (45-48). One of the most unexpected proper- 
ties of LIF was the ability to induce opposite biologi- 
cal effects in different target cells; the differentiation 
of particular EC cell lines and ES cells, historically 
established and maintained on embryonic fibroblast 
feeder cells (49,50) was entirely inhibited in mono- 
layer culture by LIF (51). It was already known that 
conditioned medium from some feeder cells, particu- 
larly Buffalo rat liver (BRL) cells, could replace 
the requirements for feeders in monolayer culture 
although differentiation to visceral endoderm but 
not to mesoderm still occurred on embryonic bodies 
formed in conditioned medium (52). This permis- 
siveness to endoderm differentiation later appeared 
to be more general since cells expressing parietal 
endoderm markers formed when RA was added to 
ES cells in monolayer culture even in the presence of 
BRL conditioned medium (12,40). Purification and 
partial amino acid sequencing demonstrated that this 
differentiation inhibiting activity (DIA) secreted by 
BRL cells was in fact identical to LIF (53) and to 
human interleukin for DA-la cells (54). It was subse- 
quently demonstrated that pluripotent cell lines 
could not only be propagated in the absence of feeder 
cells in medium containing recombinant LIF but 
could also be established directly from embryos un- 
der these conditions (55). The lines thus derived 
were karyotypically normal and retained their ability 
to differentiate in vitro in the absence of LIF and 
in vivo when injected into host blastocysts. Even 
after 2 months of continuous passage, or approxi- 
mately 100 cell generations, in medium containing 
recombinant LIF, ES cells were shown to retain 
their full developmental potential and to be able to 
contribute efficiently to the germ line of chimaeras 
(56). 

Although it had been formally demonstrated 
that LIF and DIA in BRL-cell conditioned medium 
(BRL-CM) were identical, the secretion of LIF into 
the medium by other feeder cells appeared to be 
insufficient to explain their ability to inhibit ES cell 
differentiation. The DIA/LIF activity of these feeder 
cells has recently been shown to be substantially 
localized in the extracellular matrix; matrix extracts 
from these cells inhibit ES cell differentiation en- 
tirely (57). By alternative first exon usage the amino 
terminus of the primary translation product is 
changed to direct incorporation of mature, biologi- 
cally active DIA/LIF into the extracellular matrix 
or into the extracellular supernatant. 

There are important distinctions between the 



roles of diffusible and immobilized signalling mole- 
cules, particularly in development. Diffusible fac- 
tors can mediate communication between nonadja- 
cent cells, give rise to concentration gradients, and 
effect cellular responses on the basis of receptor 
expression rather than spatial location. Immobilized 
factors only affect adjacent cells, provide a means 
of limiting signals to particular sites and possibly of 
storing signals for future use. To what extent these 
variants of LIF exist in vivo and play a role in the 
biological effects is at present unknown. In the de- 
veloping mouse embryo, LIF transcripts are detect- 
able as early as the blastocyst stage at 3.5 days p.c. 
(58) and at least up to 1 2.5 days p.c. but are restricted 
to extraembryonic tissues. The inner cell mass and 
ES cells do not express LIF. It could be speculated 
that in the developing embryo the diffusible form of 
LIF, for example from the trophectoderm of the 
blastocyst or uterine endometrial glands (59), may 
be involved in maintaining pluripotentiality in a three 
dimensional cell population such as the ICM, while 
the matrix associated form may be involved at a 
later stage maintaining pluripotentiality in a stem 
cell monolayer such as the primitive ectoderm (57). 
Which cell types in the embryo express specific re- 
ceptors for LIF is at present unknown although ES 
cells have been shown to express similar receptor 
levels (53) as a number of hemopoietic cell types 
(-300 per cell) (60). 

The multifunctionality of LIF and the diversity 
in its sources, biological effects, and target cells, 
clearly demonstrate its importance as a regulator of 
growth and differentiation in normal adult tissues 
and the developing embryo; its possible role in tu- 
morigenesis is, however, less clear. In the case of 
teratocarci nomas, where differentiation is accompa- 
nied by the loss of malignant phenotype and the 
development of a benign teratoma, LIF produced 
by surrounding (differentiated) "feeder" cells may 
be involved in maintaining the malignant stem cell 
population in the undifferentiated state. Conversely, 
its ability to act as a negative regulator of growth 
and induce differentiation of leukaemia cells in this 
case results in the loss of the malignant phenotype. 
Understanding the regulation of the expression of 
both the Hgand and receptor for LIF may lead to 
possible new routes for therapy. 

It is clear that the particular factors described 
above are highly implicated as regulators of early 
murine development. We will now describe some 
recent results obtained using ES cells under newly 
defined conditions that bring us closer to under- 
standing their exact function. 
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MATERIALS AND METHODS 

Cell culture 

ES cells were cultured as previously (11,12) in 
80% BRL-CM with 20% MEM, plus 20% FCS; cells 
were passaged 1 :5 twice weekly using trypsin/EDTA 
and not used beyond 15 passages from transfer from 
feeder layers to BRL-CM. 

DCC-FCS 

The protocol for the preparation of charcoal- 
stripped fetal calf serum has been described pre- 
viously (61). 

Hanging drop assay 

This has been described previously for P19 EC 
cells (61,62). In brief, cells were trypsinized as 
above, resuspended in MEM with 20% DCC-FCS 
and 0-mercaptoethanol, and diluted to a density of 
40,000 cell/mL. 20 ftL drops containing 800 cells 
were placed on the lid of a bacterial grade Petri 
dish, and this inverted over the dish itself containing 
phosphate buffered saline. The cells thus form a 
single aggregate. RA/LIF were added as required 
and medium refreshed every three days. Individual 
aggregates were plated on gelatinized tissue culture 
wells on day 10 and scored for differentiation on 
day 16. 

Immunofluorescence 

Cells were fixed at the time point required using 
2% paraformaldehyde/0.1% glutaraldehyde, as pre- 
viously (16). They were stained with anti-MF20, that 
recognizes muscle specific myosin and the appro- 
priate FITC-labelled secondary antibody, as pre- 
viously. (40,61). 

Antibody injection 

Neutralizing anti-TGF/3 2 antibodies were in- 
jected in blastocyst stage embryos (3.5 days p.c.) 
that were permitted to recover for 16 h before trans- 
fer to pseudopregnant females. Implanted embryos 
were scored on the equivalent of day 8. 

RESULTS 

Effects ofRA 

We have shown previously that DCC treatment 
of FCS removes lipophilic substances, which would 
include retinoids, from FCS and that using this se- 
rum to supplement culture media eliminates "spon- 
taneous 1 * differentiation of P19 EC cells (61,62). 
Similar treatment of ES cell aggregates renders them 
exquisitely sensitive to RA, as shown in Figure 2. 
In control cultures without RA and at 10" 9 M RA, 
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extensive areas of endoderm and mesoderm-like 
cells, including beating muscle, are observed at day 
16, while at 10" 8 M RA, extensive fields of neurites 
(50 or more) emerge from the plated aggregates. 
At 10* 7 M RA, neurites also form, together with 
endoderm cells and endothelial vessels (Figure 2). 
At the higher RA concentrations, the formation of 
beating muscle cells and mononucleate flat cells that 
stain with anti-MF-20 is completely repressed al- 
though the formation of (nonbeating) myoblasts is 
slightly increased. At 10* 6 M RA, a concentration 
frequently used to induce differentiation in conven- 
tional serum containing medium, the majority of 
cells die; the toxic dose is significantly altered under 
these conditions. 

Effects ofLIF 

If LIF is present during the aggregation phase 
of the experiments described above, all differentia- 
tion is blocked, except that to endoderm (Figure 
3), independent of the concentration of RA present. 
In all cases cells with an epithelial morphology typi- 
cal of (parietal) endoderm are formed. 

Effects of TGFp 

Preliminary experiments show that in this assay 
TGF0 promotes the formation of mesoderm as evi- 
denced by the number of regions of beating muscle 
cells and the extent of staining by anti-MF 20 in 
immunofluorescence in the culture at day 16 (data 
not shown). TGF& in particular consistently in- 
creases the rate at which beating muscle appears in 
the cultures, while all three isoforms dramatically 
increase the number of myoblasts and mononucleate 
flat cells staining with anti-MF-20 (5 to 7 fold) at day 
16. Although the number of myoblasts formed under 
these conditions is not affected by RA (10" 9 M), the 
formation of mononucleate flat cells and beating 
muscle is completely repressed. 

Effects of neutralizing antibodies in the embryo 

Interpretation of this type of experiment is com- 
plicated since it is difficult to estimate the volume 
of antibody microinjected, and unclear exactly what 
concentrations of antibody would be sufficient to 
neutralize TGF/3 activity in the blastocoelic cavity. 
However, we have been able to show consistently 
in pilot studies (63) that in experiments where blasto- 
cysts injected with anti-TGF0 2 antibody are trans- 
ferred to one uterine horn of a pseudopregnant fe- 
male, some 40% implant with 27% resorptions, while 
for control blastocysts injected with control IgG 
and transferred to the other horn, about 90% implant 
and only 19% are resorbed. 
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Fig. 3. Effect of LIF on the RA-induced differentiation of ES cell aggregates. Cells were induced to differentiate as in 
the legend to Figure 2 but were exposed to LIF during the aggregation period. 



DISCUSSION 

The results using ES cells under more defined 
culture conditions than usually applied have demon- 
strated that interactions exist between differentia- 
tion inducing and inhibiting factors and that it is 
probably the subtle balance between these factors 
that determine the final state of differentiation of a 
particular cell in the embryo (Figure 4). As in the 
amphibian, it is likely that TGF/5 plays a role in 
mesoderm differentiation possibly in differentiation 
in the heart, yet on another target cell in the embryo 
(primitive endoderm) it may actually inhibit differen- 
tiation. Thus it is not only the nature of the factor 
but also that of the cell receiving the signal that 
determines a final effect. Identification of cells ex- 
pressing receptors for these factors will certainly 
lead to a further examination of differences in signal 
transduction pathways. Whether it is via an effect 
on differentiation that embryos fail to implant after 
introduction of neutralizing antibodies remains to be 
investigated. 

LIF would also appear to be important for nor- 
mal early development. Although not expressed in 
the embryo, it is expressed in maternal decidua at 
an appropriate moment in development when it may 
regulate locally which cells form endoderm. Further, 
we have evidence that cells of the ICM secrete lami- 



nin that is deposited on the basal side of the trophec- 
toderm coincidently with its own receptor, <% inte- 
grin (64). This in turn probably forms the substrate 
over which newly emerging parietal endoderm can 
migrate. TGF/3 may well regulate a 6 integrin expres- 
sion. Alternatively, or in addition, TGFjS may regu- 
late levels of fibronectin. Visceral endoderm cells 
will convert to parietal endoderm when in contact 
with fibronectin (65); this may provide an indirect 
means by which TGFjS regulates differentiation. 

The molecular basis for the differential biologi- 
cal effects of RA described are not yet clear but we 
assume there is some differential regulation of the 
nuclear receptors. The ability to induce differentia- 
tion of EC cells to endoderm has long been known 
(39) as is the ability of excess RA to induce terato- 
genic effects on embryos, but these more subtle ef- 
fects on ES cells suggest that retinoids may also 
have a role in normal development. 

Although not directly applicable to toxicology 
and/or teratology, the approach described here in- 
vestigating fundamental processes such as cell divi- 
sion, differentiation, morphogenesis, and implanta- 
tion of the embryo, may yield new insights into the 
mechanisms of abnormal development. Early em- 
bryonic loss in particular is a frequent, yet often 
unexplained, occurrence. Chromosomal abnormali- 
ties have often been found in cases where embryonic 
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Fig. 4. The regulation of ES cell differentiation by the interaction of RA, LIF, and growth factors. 



cells could still be recovered but this is unlikely 
to be the cause of all reproductive failure. Toxic 
substances could result in the death of rapidly divid- 
ing cells of the embryo or affect the delicate mecha- 
nisms involved in the initial attachment of embryos 
to the uterine wall and their subsequent invasion of 
maternal tissue. 
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